a b s t r a c t A significant challenge in electric vehicles with multiple motors is how to control the individual drivetrains in order to achieve measurable benefits in terms of vehicle cornering response, compared to conventional stability control systems actuating the friction brakes. This paper presents a direct yaw moment controller based on the combination of feedforward and feedback contributions for continuous yaw rate control. When the estimated sideslip exceeds a pre-defined threshold, a sideslip-based yaw moment contribution is activated. All yaw moment contributions are entirely tunable through modelbased approaches, for reduced vehicle testing time. The purpose of the controller is to continuously modify the vehicle understeer characteristic in quasi-static conditions and increase yaw and sideslip damping during transients. Skid-pad, step-steer and sweep steer tests are carried out with a front-wheel-drive fully electric vehicle demonstrator with two independent drivetrains. The experimental test results of the electric motor-based actuation of the direct yaw moment controller are compared with those deriving from the friction brake-based actuation of the same algorithm, which is a major contribution of this paper. The novel results show that continuous direct yaw moment control allows significant ''ondemand'' changes of the vehicle response in cornering conditions and to enhance active vehicle safety during extreme driving maneuvers.
Introduction
The majority of the fully electric vehicles currently on the market have a basic drivetrain configuration, consisting of a single onboard electric motor drive, which is connected to the driven wheels through a single-speed transmission, an open differential and half-shafts [1] [2] [3] [4] [5] . However, many industrial and academic researchers are developing drivetrain layouts with multiple motors [6, 7] , which promise considerable performance enhancements in terms of vehicle behavior and active safety. Hence, the assessment and optimization of the performance achievable through different drivetrain configurations for fully electric vehicles is one of the main areas in automotive research.
For instance, two electric motors installed on the same axle allow a direct yaw moment control (also defined as torque-vectoring), i.e., the generation of a yaw moment through an asymmetric wheel torque distribution [8, 9] . The yaw moment can be achieved without varying the overall wheel torque in traction or braking conditions, unless the electric motor drives are operating close to their torque limits. A similar decoupling between yaw moment and wheel torque demand can be achieved through the adoption of a central electric motor drive and a torque-vectoring differential [10] , or through the drivetrain concept presented in [11] , consisting of a main motor for vehicle traction and a second motor providing the required torque-vectoring effect.
Direct yaw moment control is also the fundamental idea behind existing vehicle stability control systems for internal combustion engine-driven vehicles [12] [13] [14] . These systems keep the vehicle within its stability limits, through engine torque reduction and actuation of individual friction brakes. However, in this case the yaw moment generation is achieved at the price of an increased overall braking torque, which reduces vehicle speed. Therefore, the friction brake-based intervention of stability control systems is mainly carried out as an emergency measure, only when the offset between the reference and actual values of vehicle yaw rate or sideslip angle goes beyond an assigned threshold [12, 15] . 
Nomenclature
The subscripts 'F' and 'R' respectively refer to the front axle and the rear axle. The symbols ' _ ' and ' € ' respectively indicate the first and second time derivatives of a variable. The symbol '^' indicates an estimated variable. The symbol ' 0 ' indicates an initial condition or a steady-state value. The subscripts 'MIN' and 'MAX' respectively indicate the minimum and maximum values of a variable. a front semi-wheelbase a x longitudinal vehicle acceleration a x,8s the average value of measured vehicle acceleration during the 8 s following the steering wheel input a y lateral vehicle acceleration a Ã y maximum lateral acceleration in the linear region of the understeer characteristic A, B, C, D matrices of the continuous state-space formulation of the system A piston area of the brake caliper piston A r , B r , C r , D r , E r , F r , G r terms of the yaw rate transfer functions b rear semi-wheelbase transfer function from d to r h index corresponding to a specific particle of the swarm h CG height of the center of gravity i t1 gear ratio of the first transmission stage i t2 gear ratio of the second transmission stage j index referring to the step steers considered within the PSO algorithm J cost function to be minimized within the control allocation algorithm J hs mass moment of inertia of the half-shafts J m mass moment of inertia of the rotating parts of the electric motor J r cost function to be minimized by the PSO algorithm On the other hand, direct yaw moment control through the electric motor drives can be continuously and smoothly actuated, and therefore can incorporate functionalities in addition to safety-related features, such as comfort and 'fun-to-drive' enhancements [16] . In this respect, Refs. [17, 18] provide a simulation-based analysis of the benefits of direct yaw moment controllers for fully electric vehicles. A significant body of literature (e.g., [19] ) deals with control allocation algorithms, e.g., for generating the reference yaw moment such that electric motor power losses are minimized in four-wheel-drive vehicles.
From the actuation viewpoint, Ref. [20] discusses the effect of the delay in the actuation of the friction brakes for the direct yaw moment control of an internal combustion engine driven vehicle.
Step steer test results with the direct yaw moment controller obtained on a Hardware-in-the-Loop test rig (with a commercial hydraulic braking system control unit) are compared with those from the vehicle without any controller, and those from the vehicle with the ideal actuation of the same direct yaw moment controller (designed for ensuring stability in emergency maneuvers). However, the experimental comparison of the electric drivetrain-based actuation of direct yaw moment control and the conventional friction brake actuation is not discussed in the literature. This paper covers this subject through a set of novel experimental results.
Continuous yaw moment control allows the implementation of different driving modes for cornering conditions. Several industrial patents, for example [21] [22] [23] , present driving modes selectable by the driver. These driving modes are typically based on tunings of specific vehicle subsystems, (e.g., active suspension, activation/de-activation of the vehicle stability control system, drivetrain response) and are not related to a global objective such as the tracking of a different set of vehicle understeer characteristics.
This paper presents a direct yaw moment controller for a fully electric vehicle with multiple on-board motors. The main contributions of this research (not yet covered in detail in the literature) are:
The experimental analysis (based on actual vehicle tests) of the performance improvement that can be achieved with respect to the actuation of the same direct yaw moment controller through the friction brakes only. The experimental demonstration of the effectiveness of the presented off-line optimization procedure (verified through simulations in previous research of the same authors but not through vehicle tests) for the generation of the static feedforward yaw moment contribution. This allows shaping the understeer characteristic of the vehicle, depending on the selected driving mode, with very significant reductions of the tuning time of the control system on the proving ground. This novel procedure is also applicable to internal combustion engine driven vehicles with torque-vectoring differentials, which can further extend their benefits through the a-priori design of the steady-state cornering characteristics. The demonstration of a model-based automated tuning procedure of the gains of the feedback part of the yaw moment controller, through a particle swarm optimization algorithm.
These three points are essential for moving forward the scientific and industrial knowledge on direct yaw moment controllers for fully electric vehicles with multiple motors, including effective tuning procedures for enhancing the achievable performance and limiting the development and tuning time, thus making them products suitable for real-world vehicle implementations.
The paper is organized as follows:
Section 2 presents the overall layout of the vehicle demonstrator, implemented within the European FP7 project E-VECTOORC electric drivetrains and friction brakes) dynamics and control. Section 4 presents the direct yaw moment control structure, allowing the selection of driving modes based on a high-level control objective. Section 5 discusses the experimental results in quasi-static and transient conditions, and critically analyzes the performance benefits allowed by the actuation of direct yaw moment control through the electric drivetrains.
The vehicle demonstrator
The case-study vehicle is a Range Rover Evoque prototype ( Fig. 1) with two on-board electric drivetrains installed on the front axle (Fig. 2) , and a 400 V battery pack (nickel-metal hydride cells). Each drivetrain consists of a switched reluctance electric motor, which is linked to the wheel through a two-stage single-speed transmission system, constant-velocity joints and a half-shaft. The on-board electric drivetrain layout is necessary with the current power density of electric motor technology, for such a highpower drivetrain layout, as an in-wheel configuration would pose significant packaging issues. The main vehicle parameters are provided in Table 1 . The efficiency maps of the electric motor drives were measured on a test rig by the electric motor manufacturer [24] . The vehicle demonstrator includes an electro-hydraulic braking system unit (Slip Control Boost unit, SCB in Fig. 2 ), allowing individual pressure control at the calipers, and decoupling caliper pressure and brake pedal force.
3. Simulation models and experimental validation 3.1. Vehicle models Three simulation models were adopted during the design phase of the direct yaw moment controller:
A quasi-static model [17] for simulating the steady-state vehicle cornering response. The model is based on the assumption that the time derivatives of the main state variables are zero during steady-state cornering, i.e., _
The model includes suspension elasto-kinematics and the non-linear behavior of tires through the Magic Formula. As will be described in Section 4.3, the model is used for the optimization-based design of the multi-dimensional look-up tables required in the steady-state feedforward part of the yaw moment controller. The main advantage of this model with respect to conventional simulation models in the time domain is the ease of calculation of the understeer characteristics for non-zero values of longitudinal acceleration; Linear and non-linear single-track vehicle models for: (i) linear analysis of vehicle frequency response and control system design in the frequency domain; and (ii) optimization-based tuning of the yaw moment controller; An integrated IPG CarMaker-Simulink vehicle dynamics model for the fine tuning of the yaw moment controller before testing on the prototype vehicle. In particular, the chassis and tire models are implemented in CarMaker, whilst the drivetrain model (including the first order torsional dynamics) and the electrohydraulic braking system model are implemented in Simulink (details provided in the next section), according to a CarMaker-Simulink co-simulation framework. The vehicle model includes control signal discretization and an estimation of the CAN bus delays according to the approach detailed in [25] .
The models were validated with a comprehensive set of experimental data obtained from real-world steady-state and transient maneuvers with the Range Rover Evoque. As exemplary validation plots, Fig. 3 shows the good match between experiments and CarMaker model results during a skid pad test [26] .
The electric drivetrains and the active vibration controller
To capture the drivetrain dynamics of the prototype vehicle, the electric drivetrains are recreated in a lumped-parameter Matlab Simulink model, which is integrated in the CarMaker model (see Section 3.1). In particular, the Simulink drivetrain model uses the torque balance equation for the rotating parts of the electric motor drive and transmission:
The backlash distributed throughout the drivetrain is included with an equivalent lumped-backlash model at the half-shafts:
where D# hs is given by: 
The wheel dynamics are considered by:
where the wheel torque, T wheel , is:
The strong interrelationship between longitudinal vehicle dynamics and the torsional dynamics of the drivetrains was investigated with specific vehicle tests. In particular, to identify the system dynamics a chirp signal of electric motor torque demand was simultaneously assigned to each powertrain, while sweeping frequencies between 0 figure) . The area of interest in the dynamic response ranges up to 15 Hz, including the resonance peak (approximately at 8 Hz at 6.6 s) and the relevant part of the decay (À3 dB with regards to static response) at 15 Hz. The resonance frequency of the electric drivetrain mainly depends on the values of motor inertia and torsion stiffness of the half-shaft assembly. This underdamped behavior is typical of electric drivetrains, as the very fast actuator -the electric motor drive -is not coupled with a clutch damper, commonly found on internal combustion engine drivetrains [27, 28] .
The significant resonance peak could result in drivability and (possibly) yaw stability problems in case of fast modulations of the motor torque during transients. Therefore, a specific anti-jerk control function, called Active Vibration Controller (AVC) [29] , has been implemented. Its effect corresponds to the one of a virtual damper, connecting the wheel to the electric drivetrain. As a consequence, the AVC is based on the difference (reported to the same shaft) between motor speed and wheel speed. The corrected motor torque demand is given by:
where c AVC is the AVC tuning parameter. This gives origin to a partial state feedback controller, with c AVC defined through pole-placement [29] to ensure a certain level of torsional damping, without compromising the response time of the system. A speed-based gain scheduling of the AVC parameter is implemented here such that c AVC = c AVC (V). The values of the parameters of the gain scheduling are obtained ensuring the stability of the closed-loop controller in a sufficient set of linearization points representing the different conditions of the system. Eqs. (1)- (6) show that the main non-linearities arise from the backlash and the tire-road contact [30] , which depends on the force level and the speed of the vehicle. In this respect, after the identification of the drivetrain, simulations have shown the low effect of backlash, which is negligible compared with the non-linearity of the tire-road contact. Different operating points were selected in terms of speed and force levels (or slip ratios) and for these the feedback controller was fine tuned. From this analysis a lower sensitivity of the required controller gains with respect to the force compared to the speed became evident. As a consequence, the gain scheduling was only implemented on the vehicle speed variable, and afterwards validated for different conditions of both speed and longitudinal tire force. As the variation of the tuning variable is smooth and relatively slow, the convergence of the controller is guaranteed [31] .
The damping effect of the AVC is experimentally demonstrated in Fig. 4 ('AVC ON'), with a significant reduction of the resonance peak amplitude, associated with only a slight reduction of the actuator bandwidth. Based on a comprehensive experimental frequency response analysis, the cut-off frequency of the vehicle acceleration response was found to be about 15-17 Hz (depending on the specific test) without AVC and approximately 14-16 Hz with AVC.
Also, a significant benefit of the AVC controller was measured during tip-in and tip-off tests, characterized by a very fast variation of the motor torque demands (Fig. 5) . Table 2 reports the values of the rise time, settling time, damping ratio and overshoot for a couple of tip-in tests.
The electro-hydraulic braking system unit
The vehicle demonstrator has an electro-hydraulic braking system consisting of a brake pedal travel emulator, which provides a desirable brake pedal force feedback to the driver; and an electro-hydraulic unit which tracks a reference pressure demand for each caliper. This brake system configuration allows decoupling between the brake pedal force and pressure demand on each caliper, and, thus, is well-suited for seamless actuation of direct yaw moment control through the friction brakes and advanced brake regeneration. The hydraulic circuit, detailed in [32] , contains a high-pressure hydraulic accumulator, an electrically-actuated pump and 11 electro-valves. As in conventional hydraulic units for stability control and anti-lock braking control, for each caliper two valves are modulated for individual pressure control.
An equivalent model of the hydraulic circuit has been implemented, according to the simplified hydraulic scheme in Fig. 6 . The dynamic behavior of the system has been lumped into a proportionally controlled valve, independent for each wheel, which connects the caliper to a high pressure accumulator or to a brake fluid reservoir depending on the valve position, and a closed-loop pressure modulation through a Proportional Integral Derivative (PID) controller. The flow rate through the valve as a function of the pressure drop and valve opening is expressed by:
where x opening is the normalized valve opening, between À1 and 1, with x opening < 0 when the valve connects the caliper to the brake fluid reservoir. The volume displacement characteristics of the brake calipers, V b (p b ), were experimentally measured on a braking system test rig and approximated through the following exponential function:
An example of overlap between the simulation and experimental results during a frequency response test (constant amplitude and increasing frequency of the caliper pressure demand) is shown in Fig. 7 .
Direct yaw moment controller

Objectives and control structure
The main objectives of the controller are:
To make the vehicle follow a reference set of understeer characteristics, which can be significantly different from the ones of the Baseline vehicle without any controller. Fig. 6 . Equivalent scheme of the electro-hydraulic braking system unit model. Fig. 7 . Overlap of the experimental and simulated caliper pressures for the electrohydraulic braking system during a frequency response test. To limit yaw rate oscillations during extreme transients.
To prevent significant peak values of vehicle sideslip angle.
A simplified schematic of the control structure is provided in Fig. 8 . The reference yaw rate is computed based on the steering wheel angle (d), estimated vehicle speed (V), vehicle longitudinal acceleration (a x ), and estimated tire-road friction coefficient (l).
The yaw rate controller comprises three contributions: (i) a static feedforward contribution for achieving the reference understeer characteristic in steady-state conditions; (ii) a dynamic feedforward contribution for reducing the yaw rate and sideslip oscillations induced by fast steering inputs; and (iii) a feedback contribution, which has the same purpose as (ii), and for the compensation of effects due to dynamics not captured by the simplified models used for the design of (i) and (ii), for uncertainty compensation and for disturbance compensation. The output of the yaw rate controller is combined with that of a sideslip angle controller, which is active only during extreme conditions, for example if the yaw rate controller is not effective in limiting high peaks of sideslip angle because of an erroneous tire-road friction estimation. A lowlevel controller defines the individual motor torque and friction brake pressure demands.
Driving modes and reference yaw rate
The controller allows the following driving modes, selectable by the driver:
Normal mode: at constant speed this driving mode provides an understeer characteristic similar to the one of the Baseline vehicle (i.e., without torque-vectoring). Moreover, the driving mode compensates the variation of the understeer characteristic as a function of a x , as discussed in [33] . Sport mode: compared to the Baseline vehicle, this driving mode provides a lower understeer gradient, a wider linear region of the understeer characteristic, and a higher maximum value of lateral acceleration at constant velocity. The compensation of the variation of the understeer characteristic with a x is included as well. Vehicle Stability Control (VSC) mode: at constant speed this driving mode provides the same understeer characteristic as the Baseline vehicle. The operation of this driving mode is similar to the one of stability control systems installed on production vehicles.
The Normal and Sport modes are based on the actuation of the electric drivetrains for the generation of the reference yaw moment, and on the actuation of the friction brakes only when strictly required. In VSC mode, the two electric drivetrains always generate the same torque demand, and only the friction brakes are used for yaw moment control in emergency conditions. Each driving mode corresponds to a reference set of understeer characteristics. These can be parameterized through the following formula, which provides good fit with experimental results [17] :
Eq. (9) allows the reference understeer characteristics to be expressed by parameters that have a physical meaning, namely: , assuming _ b % 0 according to the steady-state cornering condition.
Step 2. The corresponding dynamic steering angle, d w,dyn , is calculated as a function of the reference understeer charac-
Step 3. The actual steering angle (at the wheel), including the dynamic and kinematic contributions, is computed as [34] :
Step 4. The steering wheel angle, d, corresponding to d w , is calculated through the non-linear map describing the steering system kinematics:
Static feedforward contribution
The static feedforward contribution of the reference yaw moment, M FF z;stat ðd; V; a x ; lÞ, is determined from a multi-dimensional look-up table, which is computed through an off-line optimization procedure based on the quasi-static vehicle model [17] . In order to achieve the reference set of understeer characteristics, (a y , a x , l) represents an equality constraint within the optimization. An optimization algorithm is used to minimize a cost function, J, which, for instance, can be based on the reduction of the drivetrain power losses or the reduction of the variance of the slip ratios among the four wheels. J defines the criterion for the allocation of the wheel torques [17, 35] and must be designed consistently with the on-line control allocation algorithm implemented on the vehicle. 
More specifically, the off-line procedure consists of three steps:
Step 1. Definition of a set of reference understeer characteristics with the procedure defined in Section 4.2; Step 2. Definition of a set of equality and inequality constraints.
The equality constraints are represented by the equations of the quasi-static model and the understeer characteristics. The inequalities relate to limitations arising from the installed hardware components, such as: (i) electric motor torque limitation, as a function of the electric motor voltage, speed and temperature, (ii) battery power limitation, as a function of the battery state of charge, current and temperature, (iii) longitudinal slips r i , from the viewpoint of the limitation of their absolute values and/or their distribution among the four wheels, and (iv) braking strategy and maximum friction braking torque.
Step 3. Optimization through minimization of the objective function J. For instance, the objective function can be based on the minimization of the input power to the electric drivetrains. Due to the irregularities and local minima of the efficiency maps of the electric motor drives, a suitable optimization algorithm was determined with an initial comparison of the performance of several routines (active set, sequential quadratic programming, trust-region-reflective and interior point). This was achieved by running the procedure with different initial conditions and then checking the outputs of the alternative algorithms [17] . The outputs are the look-up tables M FF z;stat ðd; V; a x ; lÞ.
For the prototype vehicle with two electric motor drives studied here, traction conditions yield only one possible wheel torque distribution that provides the reference traction torque and yaw moment. However, the offline procedure is capable to determine the optimum torque distribution from the infinite combinations when more than two wheels are driven. 
Dynamic feedforward contribution
The dynamic part of the feedforward contribution of the yaw rate controller is designed in a similar way as presented in [36] . Using a linear single-track vehicle model [37] , two relationships can be established:
Also, the following equations are defined: The purpose of the dynamic feedforward contribution is to modify the dynamic vehicle response without changing the steady-state gain, which is already controlled through the static feedforward contribution. The response of the vehicle with the static feedforward contribution is given by: G d ¼ G d;0 G r;dyn ðsÞ; by 
The individual terms of Eq. (13) depend on the values of the front and rear axle cornering stiffness, which quickly change during a maneuver with significant variations of the steering wheel input, and on vehicle speed (usually subject to a much slower variation). The practical tuning of the controller implemented in this paper implements a scheduling as a function of vehicle speed, but not as a function of the estimated cornering stiffness (which could bring stability problems).
Feedback contribution
The feedback contribution of the yaw rate controller is based on a PID controller with gain scheduling as a function of V: . In the practical implementation of the controller, the integral contribution will be activated only for |e r | larger than a threshold, which determines a reset integrator condition. In some tunings of this control system implementation, an activation threshold of the feedback contribution based on the yaw rate error was used. This allows enhanced smoothness of the control action as the feedback part of the controller contains usually more noise than the feedforward part of the controller.
The PID controller of the specific application has to work in highly non-linear conditions, with a significant variety of values of tire cornering stiffness; therefore the tuning method has to be mainly based on the actual performance of the non-linear system, rather than conventional loop-shaping procedures. To this purpose, the fine tuning of the gains of the PID controller was based on a particle swarm optimization (PSO) [38] applied to the non-linear single-track vehicle model (first iterations of the optimization) and the CarMaker simulation model (final iterations of the optimization) described in Section 3. The PSO algorithm is a natureinspired heuristic algorithm whose effectiveness for tuning PID controllers in the time domain has been proved in several applications [38, 39] , different from that of this paper.
The iterations of the optimization algorithm adopted for this specific application are based on the following formulation of the particle velocities and positions:
The position vector of each particle includes the parameters to be optimized and in this case is expressed as:
The inertia term w in (w in,MIN < w in < w in,MAX ) allows the particle to decelerate when approaching the maximum number of iterations, n MAX , to improve the search capability and not to let the particle pass away from the possible optimum solution. In formulas:
w in ¼ w in;MAX À w in;MAX À w in;MIN n MAX n ð18Þ r 1 and r 2 are randomly generated numbers with uniform distribution between 0 and 1. The feasibility of the problem is ensured by finding at least one initial point within the constrained space. The optimization algorithm is implemented according to the following steps, repeated at different values of V:
Choice of the particles' initial positions and velocities. To ensure a feasible starting point with a relatively small number of agents (e.g., 30 for the specific application), the initial coordinates are chosen from the loop shaping-derived values of K P , T I and T D . The initial particle position and velocity distribution is selected with random generated Gaussian distribution numbers within a defined closed interval. Numerical integration of the equations of motion of the vehicle model during simulations of step steer maneuvers at different steering amplitudes. Evaluation of the cost function for each particle. The specific cost function is the sum of the weighted combination of the yaw rate overshoot (referred to the steady-state reference value of vehicle yaw rate, r ref,SS , for the specific operating condition) and the Root Mean Square (RMS) yaw rate error, e r , for each step steering input j:
Check of the constraints. Unfeasible solutions are penalized with a large penalty factor. The considered constraints are the maximum yaw moment and yaw rate error. Check of the system stability. The poles of the closed-loop transfer function r/d, obtained through linearization of the non-linear model for specific operating points, are computed. Stability is evaluated at each iteration, if the system results unstable in a single integration step the solution is considered unfeasible and is assigned a large penalty factor. Selection of the best position of each particle and the best position of the whole swarm till the current iteration. Update of the particle velocities and positions according to Eqs. (15) and (16) within the allowed range.
In summary, the total yaw moment contribution related to the yaw rate control becomes: 
Sideslip contribution
As will be described in Section 4.7, the yaw moment controller includes an estimator of sideslip angle, b, and sideslip rate, _ b. This information is used to apply a sideslip-based yaw moment contribution, M z,b (t), only if the yaw rate controller is not effective in limiting vehicle sideslip, e.g., due to an incorrect estimation of the tireroad friction coefficient.
The control yaw moment, M b phase plane, as detailed in [40] . In this analysis, the vertices of the stable region have been chosen as b TH,MAX = ±6 deg and _ b TH;MAX ¼ AE24 deg=s [41] . M z,b (t) is given by:
To ensure a smooth transition between M z,r (t) and M z,b (t), the term q 1 is expressed as:
where
M þ z;tot ðtÞ is subject to saturation depending on the estimated friction coefficient. In case of significant values of e r or e b , the overall wheel torque demand, T w , is reduced, with the respect to the value output by the driveability controller.
Estimation of the main physical quantities
Vehicle speed is estimated from the measured wheel speeds and vehicle deceleration (an accelerometer is installed on the vehicle thus facilitating vehicle speed estimation) according to the method presented in [42] , which is based on a Kalman Filter [43] .
An Extended Kalman Filter (EKF) has been implemented for the estimation of sideslip angle and the cornering stiffness of the front and rear axles. The model adopted for the EKF implementation is the same non-linear single-track vehicle model [36] as in Section 3.1, governed by the lateral force and moment balance equations:
Lateral tire forces, F y,F and F y,R , are estimated through a non-linear brush tire model, here used for calculating the overall axle cornering force [44] . The front and rear slip angles are respectively a F % Àd w + b + ra/V and a R % b À rb/V. By combining Eqs. (25)- (27) with the definition of a F/R , the linearized state-space formulation of the model is found: , and the discrete state-space equations for EKF implementation become:
The details of the matrices in Eq. (29) are provided in Appendix A. A time step Dt = 2 ms is used for the specific application. The disturbance term D k includes the constants of the linearization and the effect of the front axle longitudinal force, F x,F , on the lateral force and yaw moment balance of the vehicle during steering. F x,F is directly estimated from the wheel torque demands. w k and z k are respectively the process noise and measurement noise, assumed to be white, whilst W and Z are the respective Jacobians.
Within the EKF, the a-priori estimated states are expressed as:
The a-priori estimate error covariance, the Kalman gain, the a-posteriori estimate of the system states and the a-posteriori estimate error covariance matrix are computed according to the conventional EKF formulas [43] .
Low-level controller
The low-level controller includes an active set-based control allocation algorithm [45] distributing the wheel torques by minimizing a cost function, J, with the following structure:
where v is the virtual control vector (with components M z,tot and T w ) and D CA s w À u represents the wheel torque distribution criterion (i.e., the objective function to be minimized), with c being the weight between the two terms of J. The constraints relating to tire friction and drivetrain power limitations are expressed in the form C CA s W < H CA . As mentioned in Section 4.3, due to the front-wheeldrive vehicle layout, the system is characterized by actuation redundancy only in braking. Nevertheless, the developed control allocation algorithm allows systematic consideration of the constraints for all possible electric vehicle configurations. From the wheel torque demands calculated by the control allocation algorithm, the motor torque demands and brake pressures are computed considering the limitations deriving from the motor maps. Also, to guard against the drivetrain resonance issues discussed in Section 3.2, the determined electric motor torque demands are modified through the AVC contribution. Furthermore, the actual controller implemented on the vehicle demonstrator includes a wheel slip controller (with anti-lock braking and traction control functionalities).
In the VSC mode (actuated through the friction brakes only), in case of excess of vehicle yaw rate (i.e., |r| > |r ref |) the front outer brake is operated [46] , whilst in case of excess of understeer all the four wheels are actuated in order to reduce vehicle velocity, with significant braking torque on the rear inner tire, as discussed in detail in [47] .
Experimental results
The direct yaw moment controller, implemented in real time on a dSPACE AutoBox system, was experimentally tested on the Range Rover Evoque demonstrator vehicle (see Section 2) at the Lommel proving ground (Belgium). The list of the main inputs and outputs of the controller is reported in Table 3 , together with the indication of their discretization and whether the CAN communication bus of the vehicle was used for the transmission of the respective signals (CAN buses bring delays and potential decay of the control system performance, [48] ). In particular, three characteristic maneuvers were performed to analyze controller performance:
Skid pad -the vehicle is driven along a circular trajectory (R = 60 m) with slowly increasing speed. In order to follow the reference trajectory the driver is changing the steering wheel input as a function of vehicle velocity [26] .
Step steer -the vehicle is driven in straight line at an initial speed V = 90 km/h and a steering robot (model SR30 [49] , used to achieve good repeatability of the test) is imposing a fast steering wheel input (100 deg of final value of d, applied at a rate of 500 deg/s). During the maneuver, the torque demand is kept constant (electronically set at 400 Nm at the wheels, for a repeatable execution of the test, independently from the accelerator pedal position imposed by the driver) at the value required to maintain the initial velocity [50] . Sweep steer [50] -this test is performed in a similar way as the step steer (i.e., V = 90 km/h and constant torque demand), but the steering robot is generating a sinusoidal variation of d with constant amplitude of 20 deg and increasing frequency, from 0.1 Hz to 3.1 Hz (rather than a step input).
All tests were repeated three times each to check the consistency of the results. The maneuvers were carried out with the Normal, Sport, and VSC modes, and with the Baseline vehicle (i.e., the passive vehicle with equal motor torque demands). The whole set of tests for the controlled vehicle was executed for the same value of the reference yaw rate time constant, s r . The yaw moment controller was tuned to generate the same profile of r ref in Normal and VSC modes. Fig. 9 plots the lateral acceleration against steering wheel angle, i.e., the understeer characteristic, and the sideslip angle against lateral acceleration, i.e., the sideslip characteristic, which were measured on the vehicle prototype during the skid-pad maneuvers. The considerable variation of the understeer characteristic was achieved solely through the different driving modes, which, in turn, are only possible because of the continuous operation of the controller. In particular, the results demonstrate that the continuous operation of the controller allows:
The 'on-demand' change of the understeer gradient (e.g., by selecting a driving mode) in order to provide a vehicle behavior that can be more reactive or less reactive in common driving conditions. For example, with the test vehicle the understeer gradient The sideslip characteristic shows that the absolute value of steady-state sideslip angle is marginally larger for the aggressive Sport mode, which is considered by the car maker involved in the activity [24] a distinctive desirable feature of this driving mode.
As these values of |b| are significantly lower than the sideslip threshold b TH defined in Section 4.6, this behavior is not cause of any safety concern, provided that the sideslip angle dynamics are effectively controlled during transients, as it will be demonstrated for the step steer tests.
Figs. 10-12 compare the performance of the different driving modes during the step steer tests. Table 4 reports the values of the main parameters, namely: (i) the yaw rate overshoot, evaluated as OS r = 100(r MAX À r ref (t MAX ))/r ref (t MAX ); (ii) the peak value of sideslip angle, b peak ; (iii) the average value of measured vehicle acceleration, a x,8s (with negative values in case of deceleration), during the 8 s following the steering wheel input. This deceleration is mainly provoked by the motion resistance effect of lateral tire slip; and (iv) the peak value of vehicle deceleration, a x,MIN , following the steering wheel input.
As indicated by Figs. 10 and 11, compared to the controller tunings with the similar steady-state yaw rate (Baseline, Normal and VSC), the Normal mode yields a vehicle response with the smallest yaw rate overshoot (OS r = 52.3%) and lowest sideslip angle peak and |b peak | (i.e., the main parameters affecting vehicle safety during transients) are considerably lower for the Sport mode than for the Baseline vehicle. What is more, in Sport mode OS r is also significantly better than for the VSC mode, which indicates the effectiveness of the continuous actuation of the direct yaw moment controller in terms of safety enhancement. This analysis is especially relevant as OS r is defined in a dimensionless form, so it already takes into account the cases corresponding to lower or higher yaw rate references. The higher overshoot in VSC mode is due to the actuation delay of the friction brakes in the VSC mode and the delayed activation of the VSC system, only when a threshold of yaw rate error is exceeded (rather than being continuously active as for the case of the torque-vectoring controller based on the electric drivetrains). The conclusion is that the VSC actuated through the friction brakes is not particularly effective in the initial yaw rate build-up phase. The marginally higher absolute value of b peak in Sport mode (b peak = À5.1 deg) than in VSC mode (b peak = À4.7 deg) is caused by the higher absolute values of steady-state sideslip angle in Sport mode, characterized by an aggressive cornering response. However, the overshoot in sideslip response in Sport mode is significantly lower than in VSC mode, which is particularly relevant for vehicle safety.
These are very significant experimental results, especially considering the on-board configuration of the electric drivetrains, characterized by the dynamic performance discussed in Section 3. The difference in the concepts of a continuously operating direct yaw moment controller and a typical stability control system found on a current passenger car is indicated by the change in the maximum deceleration level with the driving modes during the step steer test. As shown in Table 4 , the vehicle with direct yaw moment control through the electric drivetrains (Sport or Normal modes) experiences considerably lower deceleration values than the VSC mode (i.e., À1.5 m/s 2 and À1.8 m/s 2 , compared to À3 m/s 2 ), which relies on the actuation of the friction brakes to achieve the reference yaw moment (thereby also creating a braking torque). Fig. 11 includes the overlap between the time history of the sideslip angle estimated by the EKF and the sideslip measurement through a Corrsys-Datron sensor [51] installed on the vehicle demonstrator during the step steer tests with and without the controllers. The sideslip estimation is particularly accurate during the significant oscillations occurring after the steering wheel input application. The estimation of the sideslip angle in static and transient conditions is intrinsically characterized by some level of approximation, since it is based on the simplified brush tire model used within a single-track vehicle model. The sideslip angle estimation error is less than 2 deg in any condition during the executed step steer tests (and is actually much less than 2 deg in the safety-critical part of the tests). The final offset between the steady-state and actual values of sideslip angle is satisfactory for the purpose of the activity and does not affect the performance of the developed controller, since the estimation is used only for significant values of sideslip angle, when the sideslip controller is activated (estimated sideslip angle larger than a safety-critical threshold) as emergency feature within the torque-vectoring controller.
Figs. 10 and 11 also show the overlap between the experimental yaw rate and sideslip angle values measured during the experiments and those from the CarMaker simulation model adopted during the tuning phase of the controller. The simulation results provided a very good prediction of the actual performance of the overall system on the vehicle, and are the ultimate confirmation of the validity of the proposed model-based tuning procedure of the controller, capable of significantly reducing the vehicle testing time.
In terms of control action, Fig. 12 plots the experimental time histories of M z,tot for the Normal and Sport modes. In both driving modes, at the start of the step steer test (at around 69.5 s), M z,tot has a short positive peak (i.e., a destabilizing yaw moment) in order to reduce the initial delay in vehicle response. The positive peak is followed by a stabilizing yaw moment (negative peak) in order to achieve stable vehicle response (i.e., reduction of OS r and |b peak |), and a final progressive transition of M z,tot to its steady-state value, depending on the selected driving mode. Fig. 13 shows the measured yaw rate frequency response characteristic during the sweep steer test. The vehicle in Normal mode and Sport mode, with the continuous actuation of the electric drivetrains, exhibits a smaller resonance peak and a larger bandwidth than the Baseline vehicle. The steady-state gains are consistent with the respective understeer characteristics, i.e., higher for the Sport mode and similar for the Normal mode and Baseline vehicle.
As discussed, all these results obtained with the continuous actuation of torque-vectoring are fully aligned with the initial simulation-based expectations, and demonstrate the significant benefit of direct yaw moment control actuation through on-board electric drivetrains. As future step in this research, the continuous actuation of the same yaw moment controller through in-wheel electric drivetrains will be evaluated, since it is expected to bring further benefits during transient cornering maneuvers, because of the absence of the drivetrain torsional dynamics and the associated delays.
Conclusions
The paper presents a direct yaw moment controller for fully electric vehicles with multiple drivetrains. The controller was experimentally tested on a prototype vehicle in three characteristic maneuvers. The results allow the following conclusions:
The actuation of direct yaw moment control through on-board electric drivetrains can benefit from the implementation of a specific anti-jerk control functionality, i.e., the Active Vibration Controller, which reduces the resonance peak and increases the torsional damping of the system, thus allowing continuous and precise yaw moment modulation. The direct yaw moment controller continuously actuated through the electric drivetrains permits the definition of different driving modes, each of them characterized by a different steady-state cornering response, defined through a set of understeer characteristics. The clear and systematic approach in the definition of the objectives of the torque-vectoring controller represents a significant progress beyond the state-ofthe-art. The overall control structure, including feedforward and feedback yaw rate and sideslip controllers, is characterized by simplicity and ease of tuning, and does not require heavy computational performance of the control unit installed on the vehicle. The static feedforward contribution of the torque-vectoring controller was obtained through a novel off-line procedure based on a quasi-static vehicle model, bringing the expected experimental understeer characteristics for the different driving modes without any fine tuning of the controller on the proving ground (which is the standard of current practice).
The actual feasibility and effectiveness of the model-based automated tuning of the feedback part of the torque-vectoring controller, based on a particle swarm optimization algorithm, was demonstrated by the good experimental outputs and the excellent fit between the simulation model results and the experiments. From a mechatronic viewpoint, the actuation of the proposed direct yaw moment controller through the electric drivetrains allows a benefit in terms of vehicle safety, with respect to the conventional actuation through the friction brakes only. For the specific tuning of the control system parameters, continuous direct yaw moment control has resulted in a significant reduction of yaw rate and sideslip overshoots experimentally measured during step steer tests, and lower vehicle deceleration. This is a major contribution of the paper as the experimental comparative analysis on an actual vehicle demonstrator was so far absent in the literature.
Future work will cover the experimental assessment of the control system performance for low tire-road friction conditions. ðA:7Þ
